Abstract-Crosstalk within cable bundles can degrade system performance. In systems that use shielded twisted-wire pairs, the crosstalk occurs primarily in the connector, where individual signal wires are not shielded or twisted. In many cases, the parameters which determine crosstalk within the connector are unknown, in part because the connector is closed and wires cannot be accessed. A methodology was developed for measuring coupling parameters and modelling crosstalk within the cable connector at low frequencies (< 300 MHz). The values of mutual inductance and capacitance were extracted from measurements made with a Vector Network Analyzer. Values of self inductance or capacitance within the connector for individual wires were extracted from TDR measurements. The accuracy of the model was evaluated through comparison of simulated and measured results. Tests were performed while varying the wire terminations to modify the dominant coupling mechanism. A further simplified model which only takes into account the mutual coupling was also developed to estimate the envelope of the crosstalk. The simulated results match the measured results well. This simple SPICE model allows effective evaluation of the impact of crosstalk within different connectors.
I. INTRODUCTION
Crosstalk in cable bundles may cause system malfunctions. Crosstalk modelling of wires early in the design process predicts potential crosstalk issues, which is beneficial to the optimization of system design.
Available crosstalk modelling techniques can be distinguished into deterministic or statistical approaches. Deterministic analysis derives RLGC parameters in most cases from a well-defined 2-D cross section of multiconductor transmission lines [1] - [5] . Repeated 2-D crosssectional analysis is applied to include the effect of random or systematic variations of the wire positions. Statistical methods do not have the objective to analyse one specific case, but they try to estimate worst-case crosstalk [6] [7] . The disadvantage of these two methods is that the geometry on the cross section area needs to be known in order to construct a wire representation in the cable bundle. In practice, manufacturers might not be able to provide the geometry and its range of variations.
Of particular interest here is the case where coupling occurs within the cable connector. The wire harness under consideration is made primarily from shielded twisted pairs, with the addition of a few power wires. Most of the coupling to the twisted pairs occurs at the connector, where the shield has been removed and the wires untwisted. The parameters which determine crosstalk within the connector are typically unknown and cannot be predicted through modelling because the position of wires within the connector is random and the connector manufacturing technique is not known. In the early stages of the design, the number of available cables may be limited, so deconstruction of the connector may not be an option.
A measurement based methodology is developed in this paper to determine crosstalk parameters within the cable connector and to model the crosstalk from a straight wire pair (e.g. power wires) to a shielded twisted pair within a cable bundle. Section II describes the cable bundle under test. Section III describes the development of the equivalent circuit model. The predicted results from the circuit model are compared with the measured results in Section IV. Simplified models are constructed to estimate the worst-case crosstalk in Section V.
II. DESCRIPTION OF CABLE BUNDLE
The cable and connector considered in this paper are shown in Fig. 1 . The cable bundle has 15 21-AWG wires, including: a) one shielded twisted 3-wire pairs, b) two unshielded and untwisted (power) wires, and c) five shielded twisted 2-wire pairs. The overall cable bundle is not enclosed in a shield. The wires of the cable bundle are inserted into 15 separate female pins, which are plugged into a mating connector. In order to provide a well-controlled current return path, both a power and return wire are included within the bundle to form a straight wire pair (SWP). The extra wire for the return can be avoided if the power wire is referenced to the shield of the connector or a shielded twisted wire pair (TWP).
The goal is to model the crosstalk from the SWP to the shielded TWP in Fig. 1(a) . The SWP signal wire is connected to pin 8 in the connector shell. The reference wire is connected directly to the connector shell (i.e. to the shield). One signal wire of the TWP is connected to pin 1 of the connector while the other signal wire is connected to pin 7. In this study, the crosstalk is measured at pin 1 or 7 against the shield, rather than measuring the differential signal between pins 1 and 7, though this crosstalk could also be calculated.
The crosstalk could potentially be predicted using full-wave simulation tools, but the wire positions within the connector are unknown, as is much of the way that the connector is manufactured (for example, how far back from the connector pins are the wires untwisted or the shield removed). The electrical properties of the material used to support the pins inside the mating connector are also unknown, as is the way the shields are connected. From the outside it is only known that all shields are connected at DC.
A measurement methodology was developed to directly determine the coupling parameters within the connector, without knowledge of the connector geometry. In Fig. 1(a) , it is seen that the single wire is exposed to the TWP wires inside the connector shell. Outside the connector shell, the SWP wire is isolated from the TWP wires by the shield surrounding the TWP. This wire configuration indicates that the coupling from the SWP to the TWP occurs primarily within the connector shell and that the coupling outside the connector shell is negligible.
III. EQUIVALENT CIRCUIT MODEL
The wires inside the connector shell are electrically small below 300 MHz. The coupling can be represented using lumped mutual inductance and capacitance. The wires outside the connector shell can be treated as transmission lines, as the cables themselves may be very long and become electrically large at higher frequencies.
A model of the connector was developed through measurements. A Vector Network Analyzer (VNA) was used to extract the mutual inductance and capacitance. A Time- Domain Reflectometer (TDR) was used to extract the self inductance and capacitance of each wire. To connect the VNA or TDR to the connector pins, a measurement adaptor, as shown in Fig. 2 , was made from a 50 ohm coaxial cable with an electrical length of about 0.3 ns.
A. Characteristics of single and twisted wire pairs
The impedance waveform measured with the TDR for the SWP is shown in Fig. 3 . The impedance starts at 50 Ω from t = 0 s to t = 0.65 ns, which is caused by the coaxial cable that is part of the measurement adapter. The characteristics of the coaxial cable are represented with the parameters shown in the circuit model in Fig. 4 . From t = 0.65 ns to t = 1.1 ns, a discontinuity occurs as the signal flows through the connector pin. This discontinuity is represented with a series excess inductance of 4.4 nH, as determined by the TDR. Similarly, an excess capacitance of 450 fF was used to represent the discontinuity from 1.1 ns to 1.2 ns. The effect of the connector body is shown from 1.2 ns to 2.8 ns. The excess inductance is 39 nH. The waveform from 2.8 ns to 20 ns shows the impedance associated with the SWP transmission line, which is also represented in Fig. 4 .
The characteristic impedance of the SWP was not constant along the wire length. To minimize variation, the ground wire in Fig. 1 was firmly pressed against the single wire by sealing the two wires within a shrink tube. Nonetheless, the center-tocenter distance between the two conductors varies within a small range, resulting in changing characteristic impedance. The characteristic impedance was chosen to be 110 ohms in the model. The small dip at about 10 ns was represented with an excess capacitance of 7.1 pF.
The complete circuit model of the SWP is shown in Fig. 4 . Parameters for the TWP were determined in a similar manner. In this case, the parameters were determined between each wire in the TWP and the shield. The equivalent circuit model for each wire in the TWP is shown in Fig. 5 .
B. Coupling between wires
The previous measurements found the self inductance or capacitance associated with the SWP or TWP, but not the coupling between them. The mutual coupling, as pointed out in Section II, occurs mainly inside the connector. The wires outside the connector can be considered as uncoupled transmission lines. At a low frequency, f, at which the transmission line is electrically short, the coupling within the connector can be made to occur through either inductive or capacitive coupling by either shorting or opening the far end of the wires, respectively. For the case where the far ends are shorted, the mutual inductance, Lm, can be approximated as
where |S21,S|, as shown in Fig. 8 , is the magnitude of the transmission coefficient from one wire within the connector to another, when both wires are shorted to the connector shield, and Z0 is the reference impedance of the measurement device. The mutual capacitance between two wires in the connector, Cm, can be approximated as capacitance, C18, was 1.3 pF at 1 MHz. L78 and C78, from wire 8 to wire 7, were 7.8 nH and 1.6 pF, respectively. The complete coupling model is shown in Fig. 6 .
IV. VALIDATION OF EQUIVALENT CIRCUIT MODEL
The equivalent circuit model was validated against measurements while varying the far-end terminations of the wires (ZFE and ZL), to make them open or shorted. The values of the parameters in the model were either measured or calculated using the method described above without any parameter tuning.
In the first configuration, the coupling between wires 8 and 1 was investigated. The values of S21 when both wires were terminated with an open (i.e. ZL=ZFE=∞ in Fig. 6a) are shown in Fig. 7 . At low frequency, the wires attached to the connector are electrically short. The impedance looking into the wires attached the connector is an open. Capacitive coupling is dominant over inductive coupling. As indicated from (1), the slope of the |S21,O| is 20 dB/Dec with respect to frequency.
As frequency increases, the wires become electrically long and the open termination (ZL=ZFE=∞) is transformed to a smaller input impedance seen looking out from the connector. The current in the SWP induces a voltage drop across the TWP through mutual inductance. Simultaneously, the current source from the mutual capacitance still exists. The induced voltage from the current source at port 2 cancels the effect of the induced voltage from inductive coupling, resulting in a null in |S21| at about 10 MHz in Fig. 7 .
As the frequency increases further, the wires become a quarter wavelength long, and the open terminations ZL and ZFE are transformed to short terminations when looking down the transmission line from the connector. The dominant coupling mechanism becomes inductive coupling. The effective dielectric constant of the filled material around the wires is about 1.9. The wires are about 1.9 m long. The frequency at which the wires are a quarter wavelength long is approximately 28 MHz. The first peak in |S21| follows the first null and occurs at 25.9 MHz, which is close to the expected frequency. When the wires become a half wavelength long, capacitive coupling will again be the dominant coupling mechanism. A half wavelength should occur at approximately 56 MHz. The second peak of |S21| (attributed to capacitive coupling) occurs at 56.3 MHz, which closely matches this prediction.
The impedance looking into the cables attached to the connector is transformed from an open to a short and back every quarter wavelength. The dominant coupling mechanism in the induced signal switches between capacitive and inductive couplings, causing the peak levels above 56.3 MHz to alternate between high and low levels. So long as the connector is electrically small, the inductive and capacitive coupling will increase at 20 dB per decade, as demonstrated by the increasing envelope of S21 at high frequency.
Similar observations were made for other configurations. A comparison of the measured and predicted values of |S21| is shown in Figs. 7-12. In Fig. 8 , the difference between the measurement and simulation below 1 MHz is due to common impedance coupling involved in the measurement but not in the circuit model. In each case, the measured and predicted values match within a few dB up to about 300 MHz.
V. WORST-CASE CROSSTALK
In Section IV, the TDR was used to extract the values of self inductance and self capacitance associated with each wire. These values are critical for the equivalent circuit model to accurately predict the crosstalk from the SWP to the shielded TWP at all frequencies. The detailed prediction of crosstalk includes estimates of the frequency at which the first null of |S21| occurs, the frequency at which the inductive coupling is dominant in the induced signal, the frequency at which the capacitive coupling is dominant in the induced signal, and the frequency interval between two neighbouring peaks. While this information might be useful, in many applications, however, the engineer is only interested in the worst-case crosstalk. A simplified model which predicts the worst-case crosstalk can be obtained by ignoring many of the parasitic capacitances, inductances, and even the transmission lines that were part of the model in Fig. 6 . Take the coupling from wire 8 to wire 1 as an example. When inductive coupling dominates, the coupling between the two wires can be represented using the model in Fig. 13a . The mutual inductance L18 in Fig. 13a is extracted as in Section III, where L18 = 9 nH. Assume that the coupling coefficient between the self-inductors L88 and L11 is 0.5, that is, L88 = L11 = 18 nH. The value is not critical, since the inductance associated with the transmission lines will be much more important. Similarly, when capacitive coupling dominates, the coupling between the two wires can be represented using the model in Fig. 13b . The mutual capacitance of 1.3 pF found earlier is used in this model. When both inductive and capacitive coupling are important, both inductance and capacitance are used as shown in Fig. 13c . The 1.0 uH inductor LING corresponds to the input reactance of the wires attached to the connector, since wire 8 is shorted. The 0.25 nF capacitor CINR corresponds to the capacitance of wire 1, outside the connector. LING and CINR can be calculated easily once the characteristic impedance and the time delay of the wires are measured using the TDR. LING and CINR are important, because LING increases the voltage across the mutual capacitance C18 against the reference, and CINR decreases the total impedance in the victim loop. A similar model could be built to predict the worst-case crosstalk between wire 8 and wire 7.
The measured crosstalk between wires 8 and 1 and wires 8 and 7 are compared in Fig. 14 with the predicted worst case values of crosstalk found using the models in Fig. 13 . The figure shows that the models in Fig. 13 do a good job of predicting the worst-case crosstalk from 100 kHz to 1 GHz. The correct model required to predict crosstalk at low frequencies (when attached wires are electrically short) and at high frequencies (when attached wires are electrically long) depends on the measurement setup. At low frequencies, either inductive or capacitive coupling or both can be made to dominate depending on the termination of the wires. Within this frequency range, the correct model required to predict crosstalk depends on which mechanism dominates, as can be seen in Fig. 14, where one model or the other is required to accurately predict the crosstalk. At high frequencies, where the attached wires become electrically long, the termination impedance is no longer important, since it can become transformed to either a short or open depending on frequency. In this frequency range, the source impedance and value of mutual capacitance and inductance determines whether inductive or capacitive coupling will dominate. For the case in Fig. 14, the source impedance is 50 ohms and inductive coupling will generate a higher value of crosstalk when the circuit is terminated with a short than capacitive coupling when the circuit is terminated with an open. At high VI. CONCLUSION An experimental methodology was developed to determine the coupling parameters within a connector, and to build an equivalent circuit model to predict the crosstalk between circuits that share that connector. The model was validated against measurement results when either inductive or capacitive coupling dominated the crosstalk. The advantage of building this model through measurements is that it does not require any specific information about the geometry within the connector itself.
For this scenario tested here, coupling only occurred within the connector. At low frequencies the dominant coupling mechanism depends on the wire terminations. At high frequencies, the dominant coupling mechanism depends on the transformed value of the load impedance as seen looking from the connector through a transmission line toward the load. The dominant coupling mechanism switches between (a) (b) Fig. 14. Predicted envelope of crosstalk for different coupling mechanisms using the models in Fig. 12 , (a) wire 8 to wire 1, (b) wire 8 to wire 7. inductive and capacitive couplings every electrically quarter wavelength as the load switches between an effective short to an effective open.
Since the effective load switches between a short and an open, the worst-case crosstalk at high frequencies can be predicted using a very simple circuit which only accounts for the larger of the coupling mechanisms -either inductive or capacitive -while assuming that the termination is a short or open. Other parasitics can be reasonably ignored. This simple model was shown to predict the worst-case crosstalk well from 100 kHz to 1 GHz.
The methodology was tested on a connector with specific model parameters. These parameters may change for a connector with different wire placement. It is not timeconsuming, however, to extract a new set of model parameters and to predict crosstalk with the new parameters. 
